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ABSTRACT

THE DEVELOPMENT OF KNOWLEDGE AND RESOURCES RELEVANT TO THE
GENETIC MANIPULATION OF DAY NEUTRAL FLOWERING HABIT IN
STRAWBERRY
BY
SAMIKSHYA RIJAL
University of New Hampshire, December 2020

Cultivated strawberry, Fragaria ×ananassa (Duch.) is an economically valued small fruit,
well known for its nutritional benefits. For agricultural production, two types of strawberry
cultivars are bred: Short Day (SD) varieties, which require specific day length to initiate flowering,
and Day Neutral (DN) varieties, which are photoperiod insensitive. The DN trait confers
continuous flowering and extended harvesting. Understanding the genetic determinants of this
important trait in the octoploid/cultivated strawberry (2n = 8x = 56) is of interest to many
researchers. Genetic manipulation by molecular breeding and bioinformatics, and genetic
engineering are ways to study the molecular basis of this trait. The goal of the present study was
to use these approaches, the former to reveal genetic regions and genes responsible for the DN trait
in an octoploid strawberry, and the latter to manipulate the DN related genes in a strawberry
genetic model system consisting of an ancestral diploid species, Fragaria iinumae, and an
ancestral octoploid species, F. virginiana. A linkage map of F. virginiana was constructed based
xiii

on the phenotypic segregation for the DN trait, and the genotypic segregation of array-based Single
Nucleotide Polymorphism (SNP) markers. The backcross F1 (BCF1) progenies of two F.
virginiana accessions were used for linkage mapping and marker-trait association study. SNP
markers were genotyped on the Axiom IStraw90K Array, and then used for linkage mapping by
JoinMap. As a prerequisite for the study of gene editing for the DN trait, in vitro systems including
tissue regeneration were developed for F. virginiana progenies used in the study, and for diploid
ancestor F. iinumae. In my study population of F. virginiana, four genetic loci were associated
with the DN trait. One strong locus mapped in the linkage group (LG) 14 belongs to the same
homoeology group, HGIV, as a previously identified QTL FaPFRU in cultivated strawberry.
None of the identified QTL matched with the location of the flowering related gene discovered in
F. vesca, SEASONAL FLOWERING LOCUS (SFL), which belongs to HGVI. The four mapped
QTLs, homeo-QTLs (in LG2, LG3)/HGI, LG10/HGIII, and LG14/HGIV, and the predicted genes
within, can be used to reveal candidate genes. The in vitro system was established for successful
aseptic seed germination, in vitro germplasm management, and tissue regeneration. Upon the
analysis of candidate genes for the DN trait, gene editing can be implemented to confirm the
functional relationship between the gene and the DN response. Also, editing the SFL gene in F.
iinumae can be implemented to confer DN flowering in F. iinumae, to establish it as a second
diploid model species for the genus Fragaria.

xiv

CHAPTER 1:
LITERATURE REVIEW
OVERVIEW
Day Neutral (DN) strawberries do not require a specific day length for initiation of
flowering. Thus, they are suitable for farming systems intended for an extended period of
harvesting. With the increasing demand for fresh strawberries year-round, DN cultivars are a
popular choice of the growers. Breeding of the DN strawberry cultivars requires knowledge on the
genetic basis of this flowering behavior. Several studies have mapped loci associated with the DN
flowering response in the cultivated strawberry (Weebadde et al., 2007; Gaston et al., 2013; Castro
& Lewers, 2016; Verma et al., 2017; Lewers et al., 2019), yet the genetic mechanisms responsible
for the DN trait are not fully understood. Identification of specific genes and their interactions
remain unanswered.
The aims of the present study were to identify new genes influencing day neutrality in
strawberry, and then initiate gene editing protocols to manipulate genes involved in day neutrality
in both diploid and octoploid strawberry species. The establishment of gene editing protocols
approach typically would require the establishment of an in vitro system of tissue culture and plant
regeneration, which has been accomplished only in a cultivated strawberry, Fragaria ×ananassa
(Duch.), and one of the ancestral diploids F. vesca, which has been established as a diploid model
species for the genus Fragaria (Haymes and Davis, 1998; Passey, 2003; El-Mansouri, 1996; Landi
and Mezzetti, 2006; Zhang et al., 2014). My objective was to establish in vitro regeneration
protocols for the octoploid and diploid germplasm resources, as the initial step for gene
1

manipulation studies. One of the important accomplishments of a project initiated by Dr. Lise
Mahoney at the University of New Hampshire (UNH) was linkage mapping of another ancestral
diploid, F. iinumae (Mahoney et al., 2016). The concept is to establish another diploid model
species for the Fragaria. This requires characteristics like continuous flowering to conduct crossor self-pollination. However, F. iinumae is a Short Day (SD) plant, exhibits seasonal flowering
response, and hence provides a limited time for crossing-based research studies. The goal of the
present study was to develop an in vitro system for this species and manipulate the flowering
relevant gene to confer DN flowering.
1.1 INTRODUCTION
The cultivated strawberry F. ×ananassa is a popular fruit species. It came into existence
via hybridization between two ancestral octoploid (2n = 8x = 56) Fragaria species during the mid1700s in Europe; however, the cultivation of one of these ancestral species, Fragaria chiloensis,
started earlier than the 1700s in Chile (Darrow, 1966). Cultivation of other Fragaria spp. for
ornamental and consumption purposes started in Europe during the 1300s (Darrow,1966). Since
the origin of F. ×ananassa, various breeding efforts have been directed towards improving its
agronomic and economic traits, such as fruit size, productivity, vigor, hardiness, disease resistance,
flavor, nutrition, and flowering habit. Breeding for enhancement of these traits started in the 1800s
(Darrow, 1966), and although considerable progress has been accomplished, there is substantial
opportunity for further improvement.
Flowering habit is one of the important traits determining life cycle and survival as well as
commercial production strategy in strawberry. Features such as flowering time, frequency of
flowering, flower size, and fruit set determine the yield of a variety. One of the commercially
2

important flowering patterns in a strawberry plant is day neutrality or photoperiod insensitivity.
Wild strawberries are typically seasonal flowering plants that initiate flowering in response to short
day conditions (Darrow, 1966). In the past, commercial strawberry production was seasonal,
relying on Short Day (SD) varieties. After the introduction of DN cultivars in the United States
the production value of strawberries increased (Sakin et al., 1997). Until the 2000s, breeding
programs were based on strategies like selection, self-pollination, and cross-pollination followed
by backcrossing (Hummer et al., 2009). Now, marker assisted selection and bioinformatics have
changed the efficiency of breeding programs (Iezzoni et al., 2020).
Understanding the genetic basis of DN flowering response is important while developing
cultivars for agricultural production. DN and SD strawberry cultivars, as well as wild germplasm
have been utilized by studies focused on revealing the source, mode of inheritance, and genes
responsible for DN flowering response in strawberry (Ahmadi et al., 1990; Sakin et al., 1997;
Weebadde et al., 2007; Gaston et al., 2013; Castro & Lewers, 2016; Verma et al., 2017; Lewers et
al., 2019). The number of genes, their sub-genomic positions, and their modes of interaction are
yet to be determined. In the present study, I explored high throughput sequencing, linkage map
development, and mapping the genetic region for the DN trait, trying to fill the gap in our
understanding of the genes and their interaction responsible for DN flowering in the progeny of a
cross involving a potentially novel germplasm source of the DN trait.
1.2 STRAWBERRY GENOMICS
1.2.1 Diversity in Fragaria genus
Fragaria is a genus in the Rosaceae family and is commonly known as the strawberry.
Rosaceae comprises many other economically important genera such as Malus (apples), Prunus
3

(peaches, plums, apricots, cherries, and almonds), Pyrus (pears), Rubus (raspberries), and Rosa
(Rose) (Potter et al., 2002). The basic chromosome number of the genus Fragaria is x = 7
(Ichijima, 1926). The genus Fragaria contains 22 wild species with ploidy levels ranging from
diploids: 2n = 2x = 14, to decaploids: 2n = 10x = 70 (Hummer et al., 2009; Liston et al., 2014).
The cultivated strawberry, F. ×ananassa, is a hybrid allo-octoploid (2n = 8x = 56) which arose
from natural hybridization in Europe between two octoploid ancestral species, F. chiloensis (Mill.)
from South America and F. virginiana (Mill.) native to North America (Bringhurst, 1990).
1.2.2 Genomic composition
Based on the cytological data, the chromosome complement of cultivated strawberry was
interpreted initially as AAAABBCC (Fedorova, 1946). The uppercase letters represent sets of
chromosomes, that are thought to be derived from different ancestral subgenome donors. This
octoploid model was devised based on the homology of F. ×ananassa (then F. grandiflora) to
diploid F. vesca (CC), auto-tetraploid F. orientalis (AAAA), and hexaploid F. moschata / F.
elatior (AAAABB). Senanayake and Bringhurst (1967) later ascertained the close relation of ‘C’
to ‘A’, hence suggesting the genome model AAA’A’BBBB. AA in their model was homologous
to the genomes of diploids F. vesca and F. viridis, while A’A’ was proposed to have been
descendent from a primitive diploid, and BBBB was of unknown origin. After the genetic evidence
suggesting high diploidization, Bringhurst (1990) proposed an AAA’A’BBB’B’ subgenome
structure of the octoploid strawberry species (F. ×ananassa, F. chiloensis, and F. virginiana). In a
molecular phylogenetic study, F. vesca and F. iinumae were confirmed as diploid ancestors
donating A and B subgenome respectively (DiMeglio et al., 2014). Again in 2014, a subgenome
model of AvAvBiBiB1B1B2B2 was proposed, in which the subgenome Av derived was from an
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ancestral form of F. vesca and the remaining three subgenomes (Bi, B1, B2) were considered as
F. iinumae-like subgenomes (Tennessen et al., 2014). The subgenome Bi was proposed to be
derived from an ancestral form of diploid F. iinumae, while two subgenomes (B1 and B2) were
derived from a hypothetical autotetraploid form of ancestral F. iinumae, with B1 being more
diverged from F. iinumae. Yang and Davis (2017) conducted a phylogenetic study based on nextgeneration sequencing technologies to resolve theories on sub-genomic compositions of the
octoploid strawberry and predicted as many as five diploid ancestors (F. vesca, F. iinumae, F.
bucharica, F. viridis, and at least one unknown) to have genetic footprints in the octoploid genome.
With the development of technology for high-density linkage mapping and near-complete genome
assembly of F. ×ananassa cultivar ‘Camarosa’, in 2019 (Edger et al., 2019) phylogenetic and
geographical history analysis confirmed previous speculations (Bringhurst, 1990; Sargent et al.,
2016; Tennessen et al., 2014; Yang & Davis, 2017) of the diploid progenitors and intermediate
polyploid species (Edger et al., 2019). Edger et al. (2019) confirmed two widely predicted/accepted
subgenome donors F. vesca and F. iinumae, in addition to proposing that the remaining two diploid
progenitors are F. nipponica and F. viridis. However, the latter two species have been questioned
as the parents of the cultivated strawberry (Feng et al., 2020).
1.2.3 Diploid linkage map and genome assembly
The first Fragaria linkage map, a diploid linkage map with seven linkage groups (LGs)
totaling 445 cM in length was developed by Davis and Yu (1997) from an F2 population of a cross
between F. vesca f. semperflorens ‘Baron Solemacher’ and F. vesca ssp. americana ‘WC6’
population. Later, a reference diploid Fragaria map named FV x FB spanning 448cM was
constructed based on a hybrid population of F. vesca ssp. vesca f. semperflorens x F. bucharica
5

(Sargent et al., 2004). There have been subsequent revisions of this map in 2006 and 2008 (Sargent
et al., 2006, 2008).
Diploid genome assembly
A genome assembly of F. vesca was first put together in 2010 and named the F. vesca
Whole Genome V1.0 (Shulaev et al., 2011). There have been three subsequent revisions of this
reference assembly, named V1.1 after the addition of markers into the FV x FB map (Sargent et
al., 2011), V2.0 (Tennessen et al., 2014), and V4.0 (Edger et al., 2018). The latest version (V4.0)
was based on single-molecule real time sequencing from Pacific Biosciences (PacBio), which is a
nearly complete genome assembly of 219 Mb, comprising 61 contigs with an N50 length of 7.9
Mb.
A significant accomplishment was achieved in constructing a high-density linkage map of
F. iinumae, another diploid subgenome donor of F. ×ananassa (Mahoney et al., 2016). The Davis
lab at the University of New Hampshire (UNH) has been working to put together an F. iinumae
genome assembly to establish another reference genome and diploid model species for Rosaceae.
This second diploid ancestor could be used for the study of several traits. However, F. iinumae is
strongly short day, and the limited flowering period, as compared with the day neutrality available
in F. vesca, is a periodic obstacle to genetic studies involving crossing. Conferring day neutral
flowering in this species would allow cross-pollination related studies. One way to achieve this
goal is to perform genetic manipulation via editing of a flowering related gene. Therefore, the
possibility of establishing an in vitro regeneration system for F. iinumae is of interest as a basis
for a future gene editing initiative aimed in conferring DN habit in F. iinumae.

6

1.2.4 Octoploid linkage map and genome assembly
An octoploid linkage map was reported for the first time in 2003 when Amplified Fragment
Length Polymorphism (AFLP) and putative gene markers were used to map a ‘Capitola’ x CF1116
population (Lerceteau-Köhler et al., 2003). The map was later revised in 2008 adding more AFLPs,
sequence-characterized amplified region (SCAR), and simple sequence repeat (SSR) markers
(Rousseau-Gueutin et al., 2008). Another octoploid map based on AFLP markers was constructed
from ‘Tribute’ x ‘Honeoye’ hybrid lines (Weebadde et al., 2007). There has been significant
progress in the technology over time leading to the construction of high-density linkage maps in
F. ×ananassa. (Sargent et al., 2009; Sargent et al., 2011; Zorrilla-Fontanesi et al., 2012; Gaston et
al., 2013; Castro & Lewers, 2016; Sargent et al., 2016; Edger et al., 2019; Lewers et al., 2019).
Octoploid genome assembly
An octoploid reference genome named FANhybrid_r1.2 of 697.8 Mb was put together
based on whole genome sequencing on the Illumina and Roche 454 platforms (Hirakawa et al.,
2014). F. ×ananassa Japanese variety ‘Reikou’ and the S1 progeny population was used for the
sequencing and assembly anchoring. The latest octoploid reference genome assembly of nearly
805.5 Mb covers nearly 99% of the estimated genome size of octoploid strawberry (Edger et al.,
2019). For this assembly, the genome of the popular strawberry cv. Camarosa was sequenced using
the combination of different next generation sequencing technologies including Illumina, 10x
Genomics, and PacBio. Reference genome sequence of octoploid and collinearity with F. vesca
have allowed breeding opportunities involving linkage mapping and quantitative trait locus (QTL)
analysis of important traits in a cultivated strawberry (Sargent et al., 2011; Lerceteau-Köhler et al.,
2012).
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1.2.5 Ongoing project: pentaploid based linkage mapping and genome assembly
Recently, a pentaploid based linkage map of F. virginiana (derivative- LB48) was
developed based on SNP markers (Davis et al., 2020). The pentaploid progeny population was
obtained from a cross of a diploid strawberry, F. vesca ‘Hawaii 4’, and an octoploid strawberry,
F. virginiana (LB48). In the map, 6055 SNP markers were distributed across the length of 1873
cM. The draft genome assembly of pentaploid 5xAJ, a derivative of LB48, has been constructed
(Davis and Yang, in draft) and was available as a resource for the current project.
1.3 STRAWBERRY BOTANY
Strawberry is a perennial herb. The main stem of the strawberry plant, commonly called a
crown, grows from a germinated seed or from a rooted stolon (Heide et al., 2013). Under favorable
conditions, an apical meristem of the crown differentiates into an inflorescence. Depending on
environmental signals, an axillary bud has the potential to develop as an inflorescence or as a
stolon. Under the condition of slow crown growth and stolon formation, branch crowns arise from
the axillary meristems (Savini et al., 2005). Branch crowns are morphologically like a primary
crown. They produce inflorescences or stolons and have the potential to bear roots. The plant
expands by the development of extension crowns; developed from the axillary meristem, just
below the inflorescence. The inflorescence of a strawberry is called dichasial cyme, characterized
by the principle peduncle terminating into a primary flower and two lateral branches; each branch
again follows the same pattern as the principle peduncle, giving secondary and tertiary flowers
(Anderson & Guttridge, 1982). The relative degrees of formation of branch crowns, stolon, and
inflorescences varies among different species and environmental conditions; regulating the
reproductive growth (Savini et al., 2005).
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1.4 FLOWERING HABIT
There are several terms used to describe the flowering habit in Fragaria. Short day
genotypes, also referred to as June bearers or seasonal flowering (SF), typically display their
flowers in late spring in one flush, (Heide et al., 2013). SD genotypes require short day length and
cool conditions for floral initiation, typically in the fall, with the subsequent flower development
and emergence in the spring promoted by long days and warm temperatures (Heide et al., 2013;
Savini et al., 2005a). Another type is continuous flowering (CF), for which several terms like
repeated flowering/fruiting, remontant, perpetual, rebloomer, everbearing (EB), and day neutral
(DN) have been used (Ahmadi et al., 1990; Brown & Wareing, 1965; Gaston et al., 2013; Heide
et al., 2013; Lewers et al., 2019). The terms SD (for SF strawberries) and DN (for CF strawberries)
is used for the remainder of this thesis.
1.5 DAY NEUTRALITY IN STRAWBERRY
1.5.1 Sources of day neutrality
Multiple germplasm sources have been used to breed DN cultivars. Many have been
utilized in research studies to understand the mode of inheritance of the DN trait. The earlier
literature traces back to three sources of this trait (Darrow, 1966; Ahmadi et al., 1990). The first
source is from France, where derivatives of ‘Gloede’ were introduced in 1866 by Richardson. The
second source is a chance seedling or clonal mutation of ‘Bismark’ found by S. Cooper in New
York. The third source is F. virginiana ssp. glauca from the Wasatch mountains near Salt Lake
City, Utah (Wats.), collected by Bringhurst and Voth in 1954 (Bringhurst and Voth, 1990).
Day neutral varieties like ‘Pan American’ (1898), ‘Progressive’ (1904), and ‘Rockhill’
(1918) are derivative of ‘Bismark’ (Ahmadi et al., 1990). The initiation of a breeding program for
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DN cultivars in the US can be attributed to the University of California- Davis (UCD) breeding
program in the western US and the U.S. Department of Agriculture (USDA) in the eastern US
(Hummer & Hancock, 2009). DN cultivars like ‘Aptos’, ‘Hecker’, ‘Brighton’, ‘Fern’, ‘Selva’,
‘Mrak’, and ‘Yolo’ were bred by the UCD breeding program using the F. virginiana spp. glauca
(Wats.) source of day neutrality (Ahmadi et al., 1990). ‘Tribute’ and ‘Tristar’ (1981) were the
leading DN cultivars in eastern states developed by the USDA Beltsville breeding program also
with the F. virginiana ssp. glauca (Wats.) source of day neutrality (Galleta et al., 1981).
F. virginiana selections were collected from different parts of North America (Luby et al.,
1992) and used for the study of flowering response. These selections were used as parents
including F. virginiana ssp. virginiana from Ontario, Montana, and Minnesota (Serçe & Hancock,
2005). F. virginiana ssp. glauca (BC6) was collected from British Columbia in 2001 (Davis et al.,
2020), and is the paternal parent of the previously mentioned F. virginiana hybrid LB48.
1.5.2 Inheritance of day neutrality
Diploids:
A single major gene was found responsible for the DN flowering in F. vesca, based on the
phenotypic segregation of cross-pollinated progeny population (Richardson, 1914). Similar results
were reported by Brown and Wareing (1965), where a single homozygous recessive allele was
found responsible for continuous flowering in European (Alpine) F. vesca f. semperflorens, based
on the hybridization of a wild F. vesca with two cultivars ‘Baron Solemacher’ and ‘Bush White’
followed by self-pollination of F1 and the F2 backcrossed with the wild type. The single gene
responsible for flowering response in F. vesca was later designated as the SEASONAL
FLOWERING LOCUS (SFL), the dominant alleles of which cause seasonal flowering response
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(Albani et al., 2004) located this gene in F. vesca LG VI (Sargent et al., 2004). This SFL gene
encodes a floral repressor: Fragaria homologous of TERMINAL FLOWER 1 (FvTFL1) (Sargent
et al., 2006). TERMINAL FLOWER LOCUS 1(TFL1) has been found to be responsible for
continuous flowering in the woodland strawberry. A frameshift mutation caused by a 2-bp deletion
in FvKSN, Fragaria homologue of TFL1 reversed the flowering behavior from seasonal to
continuous flowering in F. vesca (Koskela et al., 2012; Iwata et al., 2012). It would be of
considerable interest to determine whether manipulation of this gene in F. iinumae could confer
DN in that ancestral diploid as a step toward developing F. iinumae as a second diploid model
system for Fragaria.
In the study by Ahmadi et al. (1990), regulation of DN was explored in European F. vesca
and American (California) F. vesca. A study based on the cross of DN Alpine and SD European
F. vesca followed by self-pollination of the F1 and then backcrossed revealed a single gene with a
recessive allele responsible for the DN trait in European F. vesca, supporting the Brown and
Wareing (1965) result. A study involving a similar pollination scheme, DN x SD (California native
F. vesca x Alpine form of F. vesca) revealed photosensitivity controlled by three dominant genes
in F. vesca collected from Hecker pass, California (Ahmadi et al., 1990), suggesting that American
F. vesca are evolved differently from the European F. vesca.
A polygenic hypothesis for control of DN at the diploid level is also supported by Samad
et al. (2017) in a study of selected F2 lines from the hybridization of F. vesca f. semperflorens
‘Hawaii- 4’ and F. vesca ssp. vesca. Two additive QTLs on LG4, one on LG6 (previously mapped
FvTFL), and two on LG7 were mapped (Samad et al., 2017).
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Octoploids:
In a study conducted in California using plant material with the DN trait derived from F.
virginiana ssp. glauca (Wats.), the investigators speculated that a single dominant allele controlled
the DN trait in F. ×ananassa (Ahmadi et al., 1990).
Another study supported a multigenic hypothesis for the DN trait when DN sources from
F. virginiana other than Utah selections were used as parent material (Hancock et al., 2001).
However, when the plant material with the source of DN from F. virginiana ssp. glauca (Wats.)
was used, the result was in support of Ahmadi et al. (1990). Hancock et al. (2001) conducted the
study in multiple locations (Michigan, Minnesota, and Ontario) to check geographical influence
in DN response of different populations.
Serçe and Hancock (2005) conducted an experiment in Michigan with a different progeny
population from DN x SD and DN x DN involving F. ×ananassa cultivars from western states
(SD-‘Chandler’, and DN- ‘Aromas’, ‘Fort Laramie’) and eastern states (SD- ‘Allstar’, ‘Honeoye’,
and DN- ‘Tribute’), and F. virginiana selections collected from different parts of North America
(Hancock et al., 2001) including DN F. virginiana ssp. virginiana from Ontario, Montana, and
Minnesota (Serçe & Hancock, 2005). Their results fit a polygenic model.
Linkage mapping approaches have introduced different insights into the elucidation of
inheritance of day neutrality in the octoploid strawberry. A genetic linkage map of DN x SD
(‘Tribute’ x ‘Honeoye’), was built based on AFLP markers, revealing polygenic inheritance
(Weebadde et al., 2007). The study was carried out in multiple locations, Michigan (MI),
Minnesota (MN), Maryland (MD), Oregon (OR), and California (CA). QTLs identified were
shared or location specific. A strong QTL in LG6 -2 was mapped in three regions CA, OR, and
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MN. A locus in LG 28 was mapped in both states MN and MD, while in MI two QTLs were
mapped in LG28. In Minnesota additional QTLs in 1-2, and 3-1 were identified.
Linkage mapping and QTL mapping based on the octoploid population of a cross between
SF x PF (‘CF1116’ and ‘Capitola’) revealed a major QTL named PERPETUAL FLOWERING
AND RUNNERING (FaPFRU) on LG IV-b regulating PF and runnering in octoploid strawberry
(Gaston et al., 2013). Roman numerals are typically used to represent the seven chromosomes of
a diploid strawberry, although Arabic numerals are frequently seen. A set of four homoeolog
chromosomes of an octoploid strawberry is called a homoeolog group (HG I-HG VII). In this
contest, LG IV-b is not the same as the LG4, but the b homeolog of the HG IV.
Another study used a range of germplasm from the RosBREED project representing two
breeding programs in MI and OR (DN source F. virginiana ssp. glauca Wats.) to develop a linkage
map and conduct QTL analysis based on Single Nucleotide Polymorphisms (SNP) markers
(Verma et al., 2017). The study also confirmed a major QTL for flowering behavior, FaPFRU in
LG IV-A.
In a study involving multiple families, a derivative of F. ×ananassa cultivars from Wasatch
mountains source of the DN trait, the dominant allele at the FaPFRU locus caused repeated fruiting
(Lewers et al., 2019). This study also suggested at least two other genes (dominant and recessive)
that epistatically suppress repeated fruiting.
No specific genes that have been confirmed to influence the DN trait have been cloned
and manipulated in the octoploid strawberry.
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CHAPTER 2:
MAPPING NEW GENETIC DETERMINANTS OF DAY NEUTRAL FLOWERING IN
AN OCTOPLOID STRAWBERRY
2.1 INTRODUCTION
The cultivated strawberry, F. ×ananassa, is a commercially important small fruit species.
In the year 2018, approximately 20,000 hectares of Unites States land was cultivated with
strawberries, yielding ~ 1.3 million metric tons of fruit production (FAO, 2020). In the same year,
the US exported ~152,000 metric tons of strawberries worth ~475 million dollars, but at the same
time imported ~162,000 metric tons of strawberries worth ~610 million dollars (FAO, 2020).
Despite its perishable nature, fresh strawberries are in demand year-round. This highlights the
importance of cultivars that have extended harvesting periods and/or multiple harvesting.
In general, there are two types of strawberry cultivars (Chapter 1: 1.4). These are
differentiated based on flowering/ fruiting time and period: Short Day (SD) and Day Neutral (DN).
The short days and cold conditions of autumn trigger flowering initiation in SD types, but the
flowers emerge and open only under the warmer temperatures and longer days of spring (Heide et
al., 2013; Savini et al., 2005a). The DN cultivars are photo-insensitive plants, which is an important
trait for agricultural production. The study of the genetic basis of this important trait is complicated
by the polyploid nature (Chapter1: 1.2.2 and 1.5.2) of the cultivated strawberry genome.
Additionally, photoperiodic flowering in a strawberry plant is influenced by temperature (Heide
et al., 2013), further complicating our understanding of genetic regulation of the DN trait. Flower
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initiation is enhanced at an optimum temperature range, which is different for different cultivars.
In general, this range is 12°C to 22°C (Heide et al., 2013).
To understand the genetic regulation of DN flowering in strawberry, research studies have
focused on revealing the original sources of the DN trait, and the mode of inheritance of this trait
(Chapter 1). A single gene conferring day neutrality was discovered in LG VI of European F.
vesca. The gene was identified as SFL, encoding a floral repressor TFL1 that regulates seasonal
and continuous flowering in diploid strawberry (Richardson, 1914; Brown and Wareing, 1965;
Albani et al., 2004; Sargent et al., 2006). In octoploid strawberries the DN trait was proposed as
either a monogenic trait (Ahmadi & Bringhurst, 1990) or polygenic (Hancock et al., 2001; Serçe
& Hancock, 2005) based on transmission genetics approach, where crosses resulted in varying
patterns of segregation in the respective progeny population. Some studies with linkage mapping
and Quantitative Trait Locus (QTL) analysis supported a polygenic model (Weebadde et al., 2007;
Gaston et al., 2013; Verma et al., 2017; Lewers et al., 2019). These experiments were performed
in different geographic locations using plant material having different sources of the DN trait, and
so multiple factors were influencing the outcome, and henceforth different models of inheritance
or QTLs were predicted or inferred.
Polygenic models have been well supported but the number and molecular identities of
genes, their subgenomic locations, and their respective functions are yet to be established. A major
QTL, FaPFRU, was discovered and located on a homoeolog of LGIV in the octoploid cultivated
strawberry, ‘CF1116’ x ‘Capitola’ (Gaston et al., 2013). The origin of this DN trait was F.
virginiana ssp. glauca (Wats.). Another study used different plant material with the same source
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of the DN trait, also reporting the FaPFRU locus and predicted that at least the other two loci are
responsible for DN flowering (Lewers et al., 2019).
Linkage map-based analysis of marker-trait association requires phenotypic and genotypic
data from a segregating population. With the anticipation of obtaining a population segregating for
the DN trait, Dr. Tom Davis (PI) crossed two accessions of F. virginiana that he had previously
collected from New Hampshire (L1, short day) and British Columbia (BC6, day neutral). One of
the F1 plants of this cross (LB48) was crossed with a diploid strawberry, F. vesca ‘Hawaii 4’, to
develop a pentaploid progeny population and, for the first time, a pentaploid based high resolution
linkage map of F. virginiana (Davis et al., 2020). A draft genome assembly of one pentaploid
progeny plant, 5xAJ, was available for the present study. I investigated two octoploid progeny
populations having LB48 as a pollen parent, to construct the linkage map of LB48 and then used
it to map genetic determinants of DN flowering response. I hypothesized that multiple loci would
be involved in the segregation of the DN trait and that new genes associated with the DN flowering
would be revealed.
2.2 OBJECTIVES
•

To phenotype and genotype segregating octoploid strawberry populations

•

To construct a linkage map of an octoploid strawberry, based on markers from Axiom
IStraw90K SNP array

•

To identify marker trait associations (MTA) between SNP markers and day neutrality

•

To discover candidate genes for flowering response and identify their functions.
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2.3 MATERIALS AND METHODS
2.3.1 Plant Material
Two F. virginiana accessions, L1 (F. virginiana subsp. virginiana: PI 660769) and BC6
(F. virginiana subsp. glauca: PI 660767), were collected by Dr. Tom Davis (PI, University of New
Hampshire) in New Hampshire and British Colombia, respectively (Figure 2-1). These are the
immediate maternal and paternal parents of LB48 (Davis et al., 2020), and were crossed by Dr.
Davis before the current research. Seed from three different crosses was used for the current study
(Figure 2-1). The first progeny population of 115 individuals from a cross between the DN cv.
Albion (maternal parent), and the DN hybrid LB48 (paternal or “pollen” parent) (USDA
germplasm accession PI 664374) was designated population one (P1). The second population (P2)
of 120 individuals is from backcross 1 (BC1) of a cross between SD maternal parent L1 and DN
paternal parent LB48.
2.3 2 Plant Growth and Maintenance
The parental genotypes L1, BC6, LB48, and cv. Albion were maintained on greenhouse
benches in the Macfarlane Greenhouse facility of the New Hampshire Agricultural Experiment
Station (NHAES) at the University of New Hampshire (UNH), in Durham, NH, USA.
Seed propagation:
The seed for propagation was obtained from the Davis Lab seed storage (packed inside
coin envelopes and refrigerated at 4°C). Seed surface sterilization was performed using the
methods of Dr. Lise Mahoney, as described here. Seeds were transferred into microfuge tubes (1.5
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ml) labeled for the three populations. Seeds were soaked in aqueous soap solution (1:100 v/v) for
ten minutes and then rinsed. With a pipette, 200 µl of 30% bleach solution (30 ml Clorox liquid
bleach, 5.25% sodium hypochlorite diluted to 100 ml) was added. Tubes were agitated for 10
minutes at 50° C and then the bleach solution was removed. Deionized water (dH2O) was used to
rinse off the bleach by adding 200 µl and agitating on a vortex for one minute followed by brief
centrifugation (just a one second pulse) to settle the seed at the bottom. Rinsing was done thrice.
For each seed sample, the last rinse was poured onto a paper towel along with suspended seeds.
Sterilized seeds were then sown in seeding trays containing the PRO-MIX® HPCC
MYCORRHIZAE™ substrate (Premier Tech Horticulture Ltd., Quakertown, PA). The trays were
kept in the dark for 15 days at 21° C, then incubated under grow-light condition (CONVIRON
PGR15 Growth Chamber) for another 15 days providing a cycle of 16 hours light/ 8 hours dark.
Day parameters inside the chamber were: light intensity of 875 micromoles/m2/s (a combination
of fluorescent and incandescent lamps, level 3 setting on the growth chamber), temperature: 22°
C, and relative humidity: 95%. The night temperature and RH were 20° C and 85% respectively.
After the establishment of seedlings, the seedling tray was transferred to the greenhouse under
ambient conditions for a week (Figure 2-2). Seedlings were then transferred into plug trays with
the same substrate and shifted to the greenhouse on a mist bed for a week, then grown on in the
greenhouse. For the seedling growth period (April-May), an average daily temperature of 18° C
(day 22° C and night 13° C) and relative humidity (RH) of 48 % was maintained. During the
germination and seedling growth period, long day condition (16 hours day length) was maintained
to suppress SD flowering.
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Figure 2- 1: Crossing scheme followed to generate segregating progeny populations for my
study. L1, BC6, ‘Albion’, and LB48 represent genotypes used in cross pollinations and P1,
and P2 represent the progeny population used for the study.
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Figure 2- 2: Germination and establishment of the strawberry seeds in the Macfarlane
Research Greenhouse facility of the University of New Hampshire.
Seedling transplant:
During summer of 2019, plants were transplanted in the field at the Woodman Horticultural
Research Farm, Durham, NH, USA. The first row consisted of P1, while P2 was planted in the
second row (Figure 2-3). Stock plants of all the field-planted genotypes were maintained through
runner propagation in the greenhouse. Healthy runner nodes with 1-2 trifoliate leaves and
emerging root tips were cut off from runners and anchored to the moist substrate in plug trays. The
trays were kept under mist for a week and then transferred into 20 cm diameter pots with respective
labeling (Figure 2-4). The pots were spaced 20 x 20 cm apart and supplied with drip irrigation.
The climate inside the greenhouse throughout the research period is summarized in Table 2-1.
Table 2- 1:Adjustment of temperature in the greenhouse during the months of phenotyping, and
sample collection for the Axiom IStraw90K SNP array genotyping of the octoploid strawberry
population.
Month
September
October
November
December

Average Daily
Average Night
Average Day
Relative
Temperature(°C) Temperature(°C) Temperature(°C) Humidity(%RH)
20
15
24
47
17
14
20
47
15
13
18
47
11
9
13
47
20

Figure 2- 3: F1 progeny population of ‘Albion’ x LB48 (left row, P1), and L1 x LB48 ( right
row, P2) at the Woodman Horticultural Research Farm, Durham, University of New
Hampshire in 2019.

Figure 2- 4 : Two study populations (‘Albion’ x LB48, and L1 x LB48) were propagated
through runners collected from the field and kept under mist until rooted (left). Rooted plants
from the plug trays (left) were transplanted into new pots (right).
2.3.3 Phenotyping and Sampling
Field inspection was performed once a week. The presence and absence of flowers and sex
expression traits were recorded. Plants flowering during the months of June and July were noted
as Flowering (F) and Non-Flowering (NF). In the greenhouse, individual pots were recorded for
the flowering, and sex expression traits. For the sex expression trait, plants were designated as
hermaphrodite (H) or female (F). Flowers with both reproductive parts (pistil and stamens) were
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noted H, and without stamens were noted F. Flowers were observed through a hand lens. Plants
classified as females but having vestigial anthers were also noted.
For genotyping, 81 plants from P1, and 80 plants from P2 were selected. All plants that
were flowering during the month of June-July (or earlier) were selected, and the remaining
selections were plants that had not flowered during the month of June-July but had varied
morphology. Plants within populations showed variation in plant vigor, the shape of leaves, and
thickness of runners. The selection process for genotyping insured inclusion of plants displaying
variations visible to the naked eye.
2.3.4 Genotyping
Young unexpanded leaves were collected on the 12th of August 2019 from the field. In
addition, two leaf samples were collected from each of the parents (L1, BC6, and LB48), one from
each of two replicate plants maintained in the greenhouse. On November 12, 2019, leaf samples
were collected from the greenhouse plants in the same manner. Each sample was packed inside a
coin envelope, labeled with an array ID number, and sealed in a Ziplock bag. Ziplock bags were
then packed in ice with bubble wrap cushioning and shipped to Eurofins BioDiagnostics, Inc.,
Wisconsin, for DNA extraction and genotyping on the IStraw35K (for field samples), and
IStraw90K (for greenhouse samples) Fragaria whole genome genotyping (WGG) arrays.
Results from genotyping, obtained as cell files for individual samples, were imported into
the Axiom™ Analysis Suite Version 4.0.1.9 for SNP genotyping. During the analysis, the SNPs
were divided into six performance categories: Poly High Resolution (PHR), Mono High
Resolution (MHR), No Minor Homozygote (NMH), Off Target Variation (OTV), Call rate Bellow
Threshold (CBT), and Other. In the array output, missing data were represented by -1 while the
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genotypes AA, AB, and BB were designated 0, 1, and 2, respectively. The SNPs on the IStraw90K
array are classified into three design categories: F1Dsnps- discovered in diploid F. iinumae
(Mahoney et al., 2016; Bassil & Davis et al., 2015); octoploid-based SNPs (discovered in an
octoploid germplasm panel of 20 members, and non-discovery codon-based SNPs (Bassil & Davis
et al., 2015).
2.3.5 Selection of candidate markers
Genotyping results from the Axiom™ Analysis Suite were imported into MS-Excel and
then markers were subjected to various filters (Table 2-5) to retain suitable markers for linkage
mapping.
CRITERIA FOR P1 (‘Albion’ x LB48): Markers with parental disagreement (between the parental
replicates) were deleted. Parental and progeny genotypic calls were checked for concordance and
then markers with missing values (-1) for parents were excluded. Markers under the performance
categories, NMH and PHR were selected for the linkage mapping.
CRITERIA FOR P2 (L1 X LB48): Parental and progeny genotypic calls were checked for
concordance and then missing values (-1) for parents were excluded. Markers conforming to the
following criteria were retained for linkage analysis: L1 ≠ BC6 (when L1=0, BC6= 1, 2; and when
L1=2, BC6= 0, 1), LB48 heterozygous (1), and L1 homozygous (0 and 2). Based on the selection
of markers as such, progenies were expected to have two types of calls (0, 1) or (2, 1) for individual
markers. Hence, only qualifying markers under the two performance categories, PHR and NMH
were used for linkage mapping.
2.3.6 Development of Linkage Maps
LINKAGE MAP FOR P1 (‘Albion’ x LB48): Genotypes of markers of the progeny population
were coded using the CP (cross pollinator) cross type standard coding scheme from JoinMap 4.1
23

(Van Ooijen, 2006), with segregation patterns <hk x hk>, <nn x np>, and <ml x ll>. Filtered and
coded data were imported into JoinMap 4.1 to generate linkage maps for each parent. JoinMap
software develops groupings of markers based on Maximum Likelihood function and its default
parameters. Grouping trees of linked markers developed by the JoinMap analysis were used to
generate linkage groups. Selection of groups from the grouping tree was based on requiring a
Logarithm of the Odds (LOD) score of 9 or higher.
LINKAGE MAP FOR P2 (L1 X LB48): The JoinMap 4.1 standard coding scheme for the BC
(backcross) cross type (‘a’ for maternal, ‘b’ for paternal, ‘h’ for heterozygote) (Van Ooijen, 2006)
was used to code marker genotypes of the progeny population. Filtered and coded data were
imported into the software to generate linkage groups using default parameters as before. A linkage
map was constructed as before. The linkage groups were numbered based on marker commonality
with the linkage groups of the prior pentaploid-based map of LB48 (Davis et al., 2020).
2.3.7 Analysis of Marker Trait Association (MTA)
Chi-Squared Test
Markers from all the linkage groups along with their genotypic calls for each progeny plant
were imported from JoinMap into a Microsoft Excel spreadsheet. The number of plants in DN and
SD categories, the frequencies of homozygous and heterozygous genotypes within the DN and SD
categories, and the frequencies of total homozygous and heterozygous genotypes were used to
construct 2x2 chi-square contingency tables to test the association between markers and the
phenotypic categories of flowering (DN) and nonflowering (SD) during the month of June-July.
Associated loci in the linkage map were determined based on the position of the markers resulting
in significant value > 6. 64, at the 0.01 level of significance and df = 1.
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FlexQTL™
Visual FlexQTL™ v 0.1 and MapChart v 2.32 software (Voorrips, 2002) available at
www.flexqtl.nl were used for pedigree-based mapping of qualitative trait loci and map chart
development. Input files required for the analysis: ‘. par’ (parameter file), ‘.dat’ (data file), and ‘.
map’ (map file) were generated using notepad++. The map file contained all the markers and
positions in centiMorgan (cM) units from all linkage groups under the analysis. The data file
contained details on individuals, parents, the traits, and alleles of each marker represented on the
map file. The parameter file was then used to adjust the criteria for the analysis as described by
Bink et al. (2014). In the parameter file, Markov chain Monte Carlo (MCMC) simulation chain
was adjusted, starting from 25000, until effective chain size (ecs) of >100 was obtained for three
different parameters setting of prior distributions (prior QTL) 1, 3, and 5. Since the phenotypic
data were not quantitative (qualitative DN was assigned ‘1’ and SD, ‘0’) different model iterations
within parameter files were used for the analysis. The analysis of 6 combinations, three levels of
priors, Prior (QTL) 1, 2, 3, and two levels of the indicator of major gene analysis (FPM) 0
(excluded), 1 (major gene unknown) was used to interpret the result. A mixed model for the
dominance and additive effect was used. As suggested by Bink et al. (2014), inference on the
position of QTL was done based on the posterior QTL probability estimate. Likewise, inference
on the number of true loci was based on twice the natural log of Bayes Factor (2InBF); values 2,
5, 10 indicating positive, strong, and decisive evidence, respectively.
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2.3.9 Comparison with pseudochromosome assembly of a pentaploid strawberry
The SNP markers within an associated locus in each LG identified by chi-square test were
searched in the pentaploid-based linkage map of LB48 by Davis et al. (2020). The markers in
common between the two maps were used to extract predicted genes from the same pentaploidbased pseudochromosome assembly (Davis and Yang, in draft). A list of the predicted genes within
each QTL region was compiled for use in future projects for purposes of gene annotation and
candidate gene analysis.
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2.4 RESULTS
2.4.1 Phenotyping
Flowering in the field started on June 20th, 2019, within 16 days of transplantation. Not all
plants flowered the same day: initial flowering dates non-uniformly distributed through June-July
were provisionally recorded as DN phenotype. As summarized in Table 2-2, 24 plants in P1 and
17 plants in P2 were classified as DN. The flowering of the greenhouse plants (vegetatively
propagated from the runners) from 2019-2020 allowed recording of sex expression. Flowers in P1
were perfect (having both male and female reproductive parts) and produced fruits. Among
flowering plants in P2, 38 were hermaphrodite and 42 were female (Figure 2-5 and Table 2-3).

Figure 2- 5: Sex expression (hermaphrodite, left and female, right) of L1 x LB48 progeny
population during the 2019-2020 study period in the Macfarlane Greenhouse at UNH.
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Table 2- 2: Results of phenotyping, flowering (F) and not flowering (NF), of progeny population
P1 (‘Albion’ x LB48) and P2 (L1 x LB48) during the month of June and July 2019 at the
Woodman Research Farm, UNH, Durham, NH, USA
Population

Cross

‘Albion’ x LB48
DN x DN
L1 x LB48
SD x DN (BC1)

Before sampling
F
NF
total
24
91
115
17
103
120

After sampling
F
NF
total
24
57
81
17
63
80

Table 2- 3: Types of flowers produced by L1 x LB48 progeny plants based on the summer 2019
field trial and 2019-2020 greenhouse trial at the University of New Hampshire. Among 115 L1
x LB48 progenies, 80 were selected for genotyping. (values in cells represent individual
identification number and number of plants within each category)
Phenotypes

Flowering
L1006, L1008,
L1015, L1019,
Hermaphrodite L1020, L1071,
L1112
Total =7

Female

Total

L1005, L1023,
L1026, L1058,
L1074, L1089,
L1096, L1099,
L1104, L1120
Total =10

17

Not-flowering
L1003, L1010, L1033, L1034, L1037,
L1040, L1041, L1044, L1045, L1051,
L1060, L1062, L1063, L1064, L1065,
L1066, L1067, L1068, L1070, L1079,
L1082, L1085, L1086, L1091, L1095,
L1098, L1106, L1107, L1109, L1113,
L1118
Total =31
L1001, L1004, L1007, L1017, L1018,
L1027, L1028, L1031, L1032, L1035,
L1038, L1046, L1048, L1049, L1052,
L1053, L1056, L1057, L1059, L1069,
L1075, L1076, L1077, L1078, L1081,
L1083, L1090, L1102, L1103, L1105,
L1116, L1117
Total =32
63

Total

38

42

80

2.4.2 Array genotyping and candidate markers for linkage analysis
‘Albion’ x LB48 (P1): Results for this population are not included because the grouping trees from
JoinMap did not have enough markers to construct the linkage map.
L1 X LB 48 (P2): The SNP markers in the array were distributed among six cluster categories as
summarized in Table 2-4. O the total 95,062 markers, the greatest number, 72,861, fell into the
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MHR category, followed by 11,641 NMH, 5,414 Other, 3,547 PHR, 1,516 CBT, and 83 OTV. The
markers classified as PHR and NMH totaling 15,188 markers, were subjected to various filters
(Table 2-5) resulting in 5,297 markers for linkage mapping (Table 2-6). Among the selected
markers, 75 were F1D (F. iinumae) based, 4,995 were octoploid based, and 227 were codon-based,
as summarized in Table 2-5.
2.4.3 Development of linkage map
A linkage map of LB48 was constructed using 29 groups (Figure 2-6 & Figure 2-7) with
the LOD score 9 or higher from the JoinMap grouping tree. Of the 1,064 mapped markers, 713
were NMH and 351 were PHR. Of the initially filtered 75 F1D- based, 4,995 octoploid-based, and
227 codon-based candidate markers nine, 1,054, and ten were mapped, respectively (Table 2-7).
More than one marker was mapped in many loci. The total number of loci mapped was 830 across
the total length of 2202 cM. The greatest number of markers and loci was in LG21 (67 and 54
respectively). The least number of markers was mapped in LG 21 (18) and the least number of loci
(16) was mapped in LG16 (Table 2-8).
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Table 2- 4: Summary of total genotyped markers’ cluster categories and types of SNP of the L1 x LB48 progeny population, genotyped
on the AXIOM IStraw90K ARRAY.
Types of SNP
Octoploid based SNP
Cluster F1D
category snps snp
mSnps lns
Del
SnpSnp IndelSnp Snpinln SnpinDel
CBT
11
945
0
27
23
235
178
52
1
MHR
3416 49111
1276 919
853
4194
6115
2164
27
NMH
179 7999
391 190
176
1016
923
251
10
Other
115 2889
0
79
56
982
840
261
3
OTV
1
43
1
1
1
18
3
2
0
PHR
29 2276
93
61
40
646
220
70
2
Total
3751 63263
1761 1277 1149
7091
8279
2800
43

Codonbased
44
4786
506
189
13
110
5648

Total
1516
72861
11641
5414
83
3547
95062

Table 2- 5: Candidate markers for linkage analysis of L1 x LB48 population were selected by the process of marker elimination
described below.
Elimination criteria
Total number of genotyped markers in the array
Markers other than the NMH and PHR groups
Parental agreement: Genotypic calls between two replicated of parents not matching
Markers heterozygous in L1
Elimination of markers with BC6=L1, and missing values (-1) for parents
Parental concordance (off type genotypic calls based on the genotype of parents)
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Markers
Remaining
eliminated markers
95062
79874
15188
2411
12777
5549
7228
1595
5633
336
5297

Table 2- 6:Type of SNP markers selected for linkage map analysis of L1xLB48 progeny population
Types of SNP
Cluster
category
NMH
PHR
Total

F1D
snps
69
6
75

Octoploid based SNP
snp
2999
607
3606

mSnps
139
19
158

lns
71
23
94

Del
56
10
66

SnpSnp IndelSnp Snpinln
364
212
576

302
78
380

89
21
110

SnpinDel

Codonbased

4
1
5

207
20
227

Total
SNPs
4300
997
5297

Table 2- 7: Categories of markers mapped across the linkage map of L1 x LB48.
Cluster F1D
category snps
NMH
7
PHR
2
Total
9

snp
mSnps
555
12
222
8
777
20

lns
10
10
20

Types of SNP
Octoploid based SNP
Codon- Total
Del SnpSnp IndelSnp Snpinln SnpinDel based
SNPs
9
47
46
18
1
8
713
3
70
22
11
1
2
351
12
117
68
29
2
10
1064

31

31

Figure 2- 6: Linkage map of F. virginiana (L1 x LB48) constructed by JoinMap 4.1, based on SNP markers from the Axiom
IStraw90K SNP array. Linkage group (LG) 1 through 10 of 29 is represented here with length in cM is represented to the left of each
linkage group and marker identity to the right.
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Figure 2- 7: Linkage map of F. virginiana (L1 x LB48) constructed by JoinMap 4.1, based on SNP markers from the Axiom
IStraw90K SNP array. Linkage group (LG) 11 through 29 of 29 is represented here with length in cM is represented towards the left
of each linkage group and marker identity to the right.
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Table 2- 8:Total number of markers and loci within the 29 LGs from the linkage map of L1 x
LB48 constructed using JOINMAP 4.1. The length of LGs is represented in cM.
LG
LG01
LG02
LG03
LG04
LG05
LG06
LG07
LG08
LG09
LG10
LG11
LG12
LG13
LG14
LG15
LG16
LG17
LG18
LG19
LG20
LG21
LG22
LG23
LG24
LG25
LG26
LG27
LG28
LG29
Total

Number of markers
39
18
25
20
34
26
31
29
64
48
50
34
36
35
40
27
48
46
34
38
67
61
56
36
26
32
19
21
24
1064

Length (cM)
55.2
47.1
57.6
54.1
73.0
80.9
63.7
70.6
99.9
53.6
87.2
75.5
118.7
66.2
62.9
41.0
89.0
73.5
67.9
91.6
118.1
90.0
95.9
83.8
64.0
72.2
86.5
70.5
90.6

No of loci
28
17
20
17
29
21
25
20
45
34
38
28
28
28
30
16
38
33
26
33
54
45
40
30
22
29
17
18
21
830

2.4.4 Marker trait association
Chi-Squared Test
Four of the 29 linkage groups had regions of significant chi-square value, >6.64 at 0.01
level of significance and df = 1 (Figure 2-8, and Table 2-10). LG02 had eight significant markers,
with chi-square value ranging from 7.2-9.3, the greatest at position 13.1 cM. LG03 had six
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significant markers with chi-square value ranging from 6.8-8.3, the greatest value at position 57.60
cM. LG10 had ten significant markers with chi-square value ranging from 7.8-11.9, the greatest at
position 16.52 cM. LG14 had eleven significant markers with chi-square value ranging from 6.6411, the greatest at position 19.43 cM.

Figure 2- 8: SNP markers with significant chi-square values (represented by ‘*’) across the
Linkage groups, LG2, 3, 10, 14 of the LB48 map. The map chart shows the SNP marker probe
set ID (right of LG) and their position (left to the LG in cM).
FlexQTL™
Mapping of genetic loci for day neutrality was also done using FlexQTL™. Use of different
parameters on FPM and ‘priors’ assumptions on the number of QTLs changed the Bayes Factor
(2In (BF)) value of the marked QTL regions in LG02, LG03, LG10, and LG14 (Table 2-9). LG02
and LG14 in any model (Table 2-9) showed positive/strong evidence of association (Figure 2- 9).
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Table 2- 9: FlexQTL™ outputs for 6 different analysis: Prior(QTL) 1, 2, and 5, each with FPM
0 (major gene analysis excluded), and 1 (major gene analysis included with major gene
unknown). The values in table represent 2In (BF) values for marked QTL regions for the day
neutral response in L1 x LB48.
Prior (QTL) =1
Prior (QTL) = 3
Prior (QTL) = 5
QTL FPM 0
FPM1
FPM 0
FPM1
FPM 0
FPM1
2
8.8
3.5
4.1
3.2
3.3
1.4
3
1.8
2.5
0.6
0.9
0.1
10
2
0.5
14
4.3
4.8
3.6
1.6
2.2
1.4

Figure 2- 9: Posterior probability QTL position for 29 LGs (LGs indicated at the top horizontal)
mapped by VisualFlexQTL. The y-axis represents the length of the Linkage map in cM. The xaxis represents the probability of each QTL positions mapped.
2.4.5 Comparison with pseudochromosome assembly of a pentaploid strawberry
The identities of LGs of LB48 in my study were assigned to correspond to the LGs of the
pentaploid-based LB48 map by Davis et al. (2020) based on the commonality of markers: 692
markers were common between the two linkage maps. Markers in common within the QTLs and
the pentaploid genome assembly are presented in Table 2-10 (bolded). The number of predicted
genes within each locus was 465 in QTL2, 344 in QTL3, 1188 in QTL10, and 3023 in QTL14
(Table 2-11).
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Table 2- 10: Results of the Chi-Square contingency test of individual markers. Linkage groups and markers with a significant p-value
0.01 at df = 1 at Chi square > 6.64 are summarized below. The markers in bold font in common with the pentaploid-based linkage
map of LB48 by Davis et al. (2020).
QTL2
Marker ID
Position
(cM)
AX-89779956
5.2
AX-89818335
11.8
AX-89818677
13.1
AX-89875921
15.7
AX-89876072
19.6
AX-89904307
20.8
AX-89783493
22.1
AX-89898616
24.7

𝜒2
7.93
8.64
9.39
7.93
8.64
7.93
8.64
7.27

QTL03
Marker ID
Position
(cM)
AX-89779986
0.0
AX-89778602
47.2
AX-89873001
49.8
AX-89846769
49.8
AX-89873175
55.0
AX-89873202
57.6

𝜒2
6.98
7.10
7.10
6.81
7.10
8.40

QTL10
Position
(cM)
AX-89827617 14.0
AX-89787512 15.3
AX-89848261 15.3
AX-89885277 15.3
AX-89885207 16.5
AX-89811802 16.5
AX-89827944 17.8
AX-89827918 17.8
AX-89827895 19.1
AX-89802524 20.3
Marker ID

𝜒2
8.64
8.81
8.36
9.39
10.19
11.95
9.39
9.08
10.19
7.67

QTL14
Position
(cM)
AX-89835246 0.0
AX-89790675 0.0
AX-89830030 14.3
AX-89829930 15.6
AX-89905197 16.9
AX-89789369 19.4
AX-89789306 20.7
AX-89829369 22.0
AX-89829726 27.1
AX-89861389 27.1
AX-89788284 28.3
Marker ID

𝜒2
6.97
7.39
7.67
10.19
13.07
11.05
10.19
7.67
7.67
6.64
6.97

Table 2- 11: Information on the mapped QTL, the starting marker, the first predicted gene ID, the end marker, the end gene, and total
number of genes within the respective QTL. List of genes in between the indicated start and end genes, can be found in pentaploidbased pseudochromosome assembly, 5xAJ (Davis lab, in draft).
QTL
QTL2
QTL3
QTL10
QTL14

Start marker
AX-89818677
AX-89778602
AX-89827617
AX-89835246

Start gene
g3966-AJ-chr02
g10489-AJ-chr03
g40865-AJ-chr10
g61776-AJ-chr14

End marker
AX-89783493
AX-89846769
AX-89827895
AX-89789306

End gene
g4430-AJ-chr02
g10832-AJ-chr03
g42052-AJ-chr10
g64798-AJ-chr14

Total genes
465
344
1118
3023
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2.5 DISCUSSION
2.5.1 Phenotyping
A qualitative criterion, flowering (DN) vs non-flowering (SD), was used to phenotype the
progeny population, L1 x LB48. The provisional scoring of flowering plants as ‘DN’ was based
on the suppression of SD flowering initiation during the seedling stage of the mapping population
(>12h day length and warm temperature in the greenhouse). Flowering during the phenotyping
period was ascertained as DN based on the temperature and solar radiation data, >12h day length,
and warm temperatures. During the months of June through July in 2019, the average day and
night temperatures at Durham, New Hampshire were 27°C and 14°C respectively (NCEI, 2019).
Similar ways to phenotype flowering habit were used by several studies and the time for
phenotyping was before the photoperiodic condition transits to short days (Ahmadi et al., 1990;
Weebadde et al., 2007; Gaston et al., 2013; Verma et al, 2017; Lewers et al., 2019)
2.5.2 Development of Linkage map
The linkage map of L1 x LB48 consisted of 1064 SNP markers and 830 loci distributed
across the length of 2202 cM. The expected 28 linkage groups (for an octoploid) were mapped
with an additional anomalous 29th group having a small number of markers. The LB48 map by
Davis et al. (2020) also had 29 groups (28 LGs plus one small group of an unidentified homology)
totaling 6055 markers and 1851 loci distributed across the length of 1873 cM. The 28 groups in
these two linkage maps represent seven chromosomes each with four homeologs; one member of
the homeolog group could be assigned to the ‘A’ subgenome associated to ancestral diploid F.
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vesca (Davis et al.,2020). More than the expected 28 linkage groups were also mapped in F.
×ananassa in other studies (Weebadde et al., 2007; Sargent et al., 2009).
In both linkage maps (the present study and Davis et al.,2020), successful use of the Axiom
IStraw90K SNP array for genotyping and JoinMap for linkage mapping of the ancestral octoploid
species F. virginiana was demonstrated. The use of the array-based genotyping in the study for
the DN flowering was also reported in F. ×ananassa (Verma et al., 2017). The linkage map of 28
LGs with a total length of 1910 cM was constructed based on SSR and SNP markers. The very
first linkage map-based study for the DN trait in an octoploid strawberry was done using AFLP
markers (Weebedde et al., 2007); however this AFLP map had only 429 markers across 43 LGs,
and very few markers in many of the LGs. The linkage map of F. ×ananassa developed by
Rousseau-Gueutin et al. (2008) based on AFLP, SCAR, and SSR markers totaling 1135 was used
by Gaston et al. (2013) to determine QTL for the DN trait. Total length of the map was 2582 cM
(28 LG in maternal parent ‘Capitola’) and 2165 (26 LG in paternal parent CF1116).
2.5.2 Marker - Trait Association
Lewers et al. (2019) recently suggested three loci responsible for the DN flowering in F.
×ananassa: one FaPFRU and two unidentified epistatic loci. However, LG assignment for the two
epistatic loci was not reported; the prediction was based on the segregation pattern of different
populations involving ‘Tribute’ and ‘Honeoye’ breeding parents. In my study, four QTLs were
discovered in LG02, LG03, LG10, and LG14 for the DN trait in an ancestral octoploid F.
virginiana. One of the strong loci, QTL14 (HG IV), did not have any markers in common with
SNP markers identified in the QTL FaPFRU (Verma et al., 2017), which was identified for the
first time in LGIV-b of F. ×ananassa (Gaston et al., 2013). All the same, this QTL14 is in the
same HG group as FaPFRU, suggesting they are homeo-QTLs. The QTL, FaPFRU was mapped
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mostly in the population with different breeding parents but with the same source of the DN trait,
F. virginiana ssp. glauca (Wats.) (Gaston et al., 2013; Verma et al., 2017; Lewers et al., 2019). In
the present study population, the source of the DN trait is the same subspecies, F. virginiana ssp.
glauca, but from a different location (British Columba).
In a diploid F. vesca, a single major gene, SFL, located in LGVI (Albani et al., 2004) was
discovered to regulate flowering habit (Brown and Wareing, 1965). The recessive allele of this
gene is suggested to cause DN flowering in diploids, while in some cultivated
strawberry/octoploids the dominant FaPFRU is suggested to be responsible for DN flowering. The
SFL gene was not mapped for the DN flowering in my population.
The QTL10, QTL14, and homoeo-QTLs (QTL2 and QTL3) possibly fit into the suggested
theory of three loci. The number of QTLs or at least the strength of QTL for day neutral response
was reported to be location dependent (Weebadde et al., 2007). Also, the requirement of multiple
populations or multi-year phenotyping to evaluate true QTLs has been suggested (Verma et al.,
2017; Bink et al., 2014). However, my analysis was based on only a single year-single location
phenotyping of a population of 80 BCF1 progeny.
Furthermore, different studies have used different marker-trait analysis approach. I used
two different ways- chi-square contingency test at 0.01 level of significance, and the software
FlexQTL to determine MTA. Both analyses suggested the association with four loci. The software
FlexQTL was also used by Verma et al. (2017). A limited number of other software had been used
for QTL mapping, such as composite interval mapping by QTL Cartographer software (Gaston et
al., 2013, Weebadde et al., 2007), and MapQTLsoftware (Castro & Lewers, 2016). To my
knowledge chi-square test for independence has not been used for marker-trait association study
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for DN flowering in octoploid strawberry. However, chi-square goodness of fit to test phenotypic
Mendelian segregation has been used by many (Weebadde et al., 2007; Gaston et al, 2013; Castro
& Lewers, 2016; Lewers et al, 2019). Here I demonstrated the successful use of the chi-square
contingency test for MTA studies.
One of the strong loci, QTL2, became evident from the chi-squared test for independence
and the software FlexQTL, and its homoeo-QTL, QTL3, suggests the evidence of the new region,
as hypothesized. Gene annotation and candidate gene/s analysis within these loci will open
multiple opportunities involving marker-assisted selection, and molecular/functional analysis, and
gene manipulation studies.
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2.6 CONCLUSION AND RECOMMENDTION
The present study population of the L1 x LB48 cross segregated for phenotypic and
genotypic data; enabling linkage mapping and marker-trait association analysis. My goal was to
reveal new determinants of DN flowering in strawberry. Supporting the previously suggested
multigenic inheritance theory, four QTLs were identified, QTL2, QTL3, QTL10, and QTL14. One
of these loci, in LG14, qualifies as homeo-QTL of the previously identified locus FaPFRU. In the
present study, marker comparison with the pseudochromosome assembly of a pentaploid
strawberry plant 5xAJ (Yang and Davis et al., in draft) revealed the number of predicted genes
within the mapped QTLs: 465 QTL2, 344 in QTL3, 1118 in QTL10, and 3023 in QTL14. This
information can be used for future projects. One of the future directions would be to use the
information on the predicted genes to reveal new loci and genes responsible for DN flowering.
Additionally, my results can be used for marker-based selection of these progenies to generate the
crossing schemes needed to get simplified segregation patterns for the DN trait.
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CHAPTER 3:
DEVELOPMENT OF IN VITRO SYSTEM FOR THE STRAWBERRY GERMPLASM
OVERVIEW
The regulations and public concerns about genetically modified crops (GMOs) have
limited the use of transgenic strategies for agricultural purposes, especially in fruit crops, including
strawberry. The Davis lab was first to report Agrobacterium-mediated transformation in F. vesca
‘Hawaii 4’ (Haymes and Davis, 1998). While breeding through genetic engineering techniques
faces regulation problems, the octoploid genome composition of the cultivated strawberry adds
difficulty in breeding for agricultural improvement through conventional breeding or traditional
methods. To overcome this challenge, strawberry breeders have been studying gene function and
regulation in wild species, especially F. vesca, to understand mechanisms underlying important
traits. On the other hand, genome editing has the potential for being accepted as a non-transgenic
method because of its non-reliance on a pest-genome-based vector sequence. Genome editing uses
sequence specific nucleases to mutate targeted DNA sequences and alter the phenotypic response.
One of the long-term goals is to establish gene editing techniques in octoploid and diploid
strawberry. The availability of effective in vitro systems and genome editing techniques in the
octoploid strawberry, LB48, would allow testing of candidate genes and their function responsible
for DN flowering. The establishment of a system in ancestral diploid F. iinumae, would allow
conversion of the SD flowering response to DN. The aim here is to develop a second diploid model
species for the Fragaria; for which day neutrality is one of the important characteristics. Also, the
establishment of an in vitro propagation system for the maintenance of critical germplasm
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resources were of interest. Therefore, parameters for in vitro culture and regeneration were
explored in octoploid and diploid systems.
3.1 BACKGROUND INFORMATION
Plant tissue culture techniques have been employed for strawberry research programs since
the late 1900s. This approach is very efficient for mass production of disease-free plants, creating
in vitro reserves of germplasm, as well as for genetic transformation. Plant tissue culture in
strawberries has been performed either through direct embryogenesis (Donnoli et al., 2001; Zhang
et al., 2014), or organogenesis; using plant parts such as leaf disk, petiole, meristem, runner tips
(Nehra et al., 1990; EL Mansauri, 1996; Quiroz, 2017; Wilson et al., 2019), anthers (Owen and
Miller, 1996), and protoplast culture (Wallin, 1993).
In vitro systems have been well established in a cultivated strawberry (F. ×ananassa), and
the diploid model species F. vesca. F. vesca was established as a reference genome and diploid
model system for the Rosaceae family attributed to a small genome (240 MB), sexual and
vegetative propagation ability, short reproductive cycle (Shulaev et al., 2011), positivity towards
Agrobacterium tumefaciens mediated transformation (Haymes and Davis, 1998) and the similarity
in gene sequence with the other Rosaceae family members. While the remaining diploid species
are debated as a possible donor of subgenomes of a cultivated strawberry, F. iinumae has been
confirmed as the ancestral species, yet not developed as a model plant (Chapter 1). A previous
study done within the Davis Lab provides insight to the significance of F. iinumae as a potential
diploid model (Mahoney et al., 2016). This species is native to Japan and eastern Russia and is an
SD plant. It showed susceptibility to the disease powdery mildew when brought to the northeast
of North America; collected by T. M. Davis from Japan and planted in Macfarlane greenhouse at
UNH. High susceptibility of F. iinumae towards powdery mildew fungus (observed in the
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greenhouse by T. M. Davis) makes it a potential target species for future studies on disease
susceptibility related genes, and for testing the efficacy of candidate resistance genes. However,
its SD flowering habit is an obstacle to genetic study. There is a possibility of targeting the gene
responsible for flowering in diploid, identified in F. vesca as SFL (Chapter 1), in F. iinumae and
manipulating the trait. Gene editing would require an in vitro system for F. iinumae, which has not
been reported to date.
Tissue regeneration in strawberry is influenced by species and ploidy levels. Therefore,
although an in vitro system has been established for the cultivated strawberry and F. vesca, the
same protocols may not apply to F. iinumae. The goal of the present study was to establish an in
vitro system for diploid and octoploid germplasm used for the strawberry breeding program.
3.2 INITIAL RESEARCH OBJECTIVES:
•

To achieve aseptic seed germination

•

To determine specific techniques including the optimum concentration of different plant
growth regulators for regeneration in vitro.

•

To achieve acclimatization of in vitro propagated seedlings/plants into a greenhouse
condition.

•

To perform gene editing in F. iinumae targeted at the SFL gene.

•

To perform gene editing in L1 x LB48 targeted at flowering related genes.

Gene editing objectives were not done due to the 2020 pandemic (COVID) related lockdown
restrictions in the research facilities.
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3.3 MATERIALS METHODS
The handling of cultured plant tissues was conducted in a laminar flow hood. The postculture Petri plates and Magenta boxes (Magenta™ GA 7 vessel, Sigma-Aldrich) (Figure 3-1)
were maintained under the conditions of 16-hour day length, and 25 ℃ in a growth room. All
plants for this study were maintained in facilities of the New Hampshire Agricultural Experiment
Station (NHAES) growth chambers in Rudman Hall and the Macfarlane Greenhouses at the
University of New Hampshire in Durham, NH. Pilot experiments were designed to narrow down
effective protocols for seed surface sterilization, germination, in vitro management and
monitoring, tissue culture, and acclimatization of in vitro plants to the greenhouse condition.
3.3.1 Seed surface sterilization and germination test
For seed surface sterilization, the protocol described in Chapter 2 was used. The seed for
propagation was obtained from the Davis Lab seed storage (packed inside coin envelopes and
refrigerated at 4°C). Surface sterilized seed of an octoploid hybrid L1 x LB48 (F. virginiana ssp.
glauca), and diploids ‘Hawaii 4’ (F. vesca) and F2D (F. iinumae) were subjected to various
treatments. Germination tests with six seeds/Petri dish and three replications (dishes) were
performed in the following sequence:
In the first experiment L1 x LB48 was tested for aseptic germination with two treatments,
MS basal medium (Murashige & Skoog, 1962), freshly prepared with 4.33 g/l MS salt, 1 ml/l
vitamin B5, 0.8 % Phytoblend agar, 3% sucrose, and pH adjusted to 5.7) and wet filter paper.
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In the second experiment, ‘Hawaii 4’ was tested for aseptic germination with three
treatments, cold treatment for 1 week at 4 °C, GA3 (200 ppm) overnight, and the combination of
both (cold treatment + GA3).
In the third experiment, two seed lots of F. iinumae (F2D), lots 123 and 124, were tested
for germination on filter papers with GA3 (200 ppm) as above.
3.3.2 In vitro management and monitoring
Germinated seedlings of ‘Hawaii 4’, F2D, and L1 x LB48 were transferred into Magenta
boxes containing sterile MS basal medium (Figure 3-1). Magenta boxes were sealed with Parafilm.
After 2-3 months each plant was transferred to a new Magenta box containing fresh growth
medium to provide a continuous nutrient source.

Figure 3- 1: In vitro management of seed propagated strawberries in the growth chamber at
the University of New Hampshire. Plants in the magenta vessels are not the same age.
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3.3.3 Tissue Culture
For the tissue culture experiment, growth hormones at different rates were added to the
freshly prepared MS basal medium (described earlier in 3.3.1) and then autoclaved. All the tissue
culture experiments had three replications and 5-6 explants/Petri plate. For the first tissue culture
experiments, leaf explants of about 1 cm diameter/ diagonal were placed over the growth medium
with abaxial surface up. In vitro seed propagated plants were used for the explant source. Petri
plates with explants were wrapped with Parafilm and monitored in the growth room. The result
was scored based on visual sign (or under the dissection scope) of regeneration in the explants.
Somatic embryogenesis: Growth hormones 3 mg/L 6-BAP and 0.2 mg/L IBA (Zhang et al., 2014)
were added to the freshly prepared MS basal medium and autoclaved. Three plant materials, L1 x
LB48, ‘Hawaii 4’ (control), and F2D 124 were evaluated.
Lateral Crown/Meristem culture: Tiny lateral crowns from in vitro plants of F. iinumae
(F2D124) were used as explants for shoot multiplication media, 4 mg/L 6-BAP, and 0.25 mg/L
IBA. Regenerated masses of shoots were transferred to the shoot elongation media, 0.5 mg/L 6BAP and 0.25 mg/L IBA. Shoots were then transferred to the rooting media, 1.5 mg/l IBA.
3.3.4 Acclimatization:
Seed generated and tissue cultured plants were subjected to acclimatization. Plants with
good vigor, adventitious crowns, and substantial root systems were selected. These were subcultured in the MS basal medium, and the original (mother plant) with substantial roots were
selected to conduct the acclimatization study. Lids of Magenta boxes in the growth room were
removed and the open tops were covered with Parafilm. Needle sized holes were made in the
Parafilm and over the period of one week the size of holes in the Parafilm were increased to reduce
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the humidity inside the box and gradually harden the plant. Plants were uprooted from the growth
medium and agar was washed off from the roots with warm water. Roots were dipped in rooting
hormone, then plantlets were potted in plug trays, or 10.16 x10.16 cm (4 x 4 inch) plastic pots and
kept under the mist bed at the Macfarlane Greenhouse for one week. Plants were then kept in
warm, humid greenhouse beds for a week and ultimately transferred and monitored under
greenhouse conditions with the other strawberry germplasm (Chapter 2).
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3.4 RESULTS
3.4.1 Germination
For L1 x LB48 seeds the total germination percentage was high on filter paper (43%)
compared to the MS-agar treatment (6.25%). For ‘Hawaii 4’, the germination percentage was high
for two of the treatments, GA3, and the combination of cold treatment and GA3 (94%), and low
for cold treatment alone (22%). Among the two F. iinumae hybrids, none of the F2D 123 seeds
germinated. Of the total F2D 124 seeds, 68 % germinated in a week and 100% within 15 days.
3.4.2 Tissue Culture
Somatic embryogenesis: The previously described somatic embryogenesis protocol (Zhang et al.,
2014) applied to F. vesca ‘Hawaii 4’ showed positive results (somatic embryos, Figure 3-2). On
this same medium, the L1 x LB48 explants showed shoot regeneration. However, the explants
used were not from a single plant and the procedure was not replicated to conclude the efficacy of
this hormonal combination. The F. iinumae, F2D 124, did not have any sign of regeneration.

Figure 3- 2 : Left- somatic embryogenesis of 'Hawaii 4' (F. vesca), right-shoot
regeneration of L1 x LB48
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Lateral Crown/Meristem culture: The F. iinumae (F2D 124) lateral crown explants under the
shoot multiplication (4 mg/L 6-BAP and 0.25 mg/L IBA), and elongation (0.5 mg/L 6-BAP and
0.25 mg/L IBA) medium resulted in shoot proliferation within 20 days post culture (Figure 3-3).
When these shoots were subjected to the rooting media (1.5 mg/l IBA), roots were observed within
15 days, and well-developed plants (shoot and root system) within one-month post culture (Figure
3-4).

Figure 3- 3: Shoot multiplication of F. iinumae (F2D 124) from the lateral meristems as
explants.

a

b

c

Figure 3- 4: Rooting in regenerated shoots of F. iinumae F2D 124. (a) shoot transferred into
rooting media, (b) after 15 days, (c) after 1 month.
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3.4.3 Acclimatization
In vitro generated plants were successfully acclimatized under the greenhouse conditions. Well
rooted plants were established within one-month post transfer from in vitro condition (Figure 35).

Figure 3- 5: Acclimatization of in vitro plants into the greenhouse condition
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3.5 DISCUSSION
I was able to initiate in vitro experiments, as the prerequisite for future gene manipulation
projects. My positive control F. vesca leaf explants for somatic embryogenesis using the standard
‘Hawaii 4’ protocol developed by Zhang et al. (2014) had positive results. Regeneration in F. vesca
has been accomplished by many studies used for genetic transformation (Haymes and Davis, 1998)
or gene editing (Wilson et al., 2019; Martín-Pizarro et al., 2019). Similar research has been done
in cultivated strawberry, F ananassa (Passey, 2003; El-Mansouri, 1996; Landi and Mezzetti, 2006)
and F. chiloensis (Quiroz, 2017). These studies have demonstrated the ability of diploid and
octoploid strawberry for regeneration. However, the concentration and type of plant growth
hormones were different for different species, ploidy levels, and cultivars. This was seen in my
study material too. The previously described somatic embryogenesis protocol (Zhang et al., 2017)
did not generate embryos but did promote the formation of shoots from the meristems in F.
virginiana. Another diploid used in the study, F. iinumae, has not been used for previous in vitro
studies. Thus, it was critical to develop effective hormonal concentration for tissue regeneration
for this species. The protocol that worked in F. vesca and F. virginiana in the present study did
not work in F. iinumae. Even though I was successful in regenerating shoots via lateral
crown/meristem culture in F. iinumae, the study needs further investigation to validate
reproducibility.
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3.6 CONCLUSION AND RECOMMENDATION
The present study succeeded in obtaining aseptic germination, germplasm preservation,
tissue regeneration, and acclimatization of regenerated diploid and octoploid strawberry plantlets
following in vitro culture. However, the reproducibility of my experiments needs to be determined,
as could not be done due to the pandemic related lockdown. Nevertheless, my study opens the
possibility of the establishment of effective in vitro systems to meet the farsighted goal of gene
editing in the octoploid L1 x LB48 and the diploid F. iinumae.
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CHAPTER 4: SUMMARY
The theme of the current project was to develop knowledge and resources relevant to the
genetic manipulation of Day Neutral (DN) flowering in strawberry. As the potential resource for
the study of the DN trait, here I validate the significance of the two accessions of F. virginiana
that the PI, Dr. Tom Davis, had previously collected from New Hampshire (L1, short day) and
British Columbia (BC6, day neutral). The derivatives of these accessions allowed the development
of the pentaploid-based linkage map of LB48 (Davis et al., 2020), the pentaploid strawberry
pseudochromosome assembly (5xAJ) (Yang and Davis et al., in draft), and the linkage map of L1
x LB48. The marker-trait association analysis of L1 x LB48 revealed four QTLs that are associated
with the DN flowering in this population. Furthermore, I have compiled a list of predicted genes
within mapped QTLs based on the comparison with the previous LB48 linkage map and 5xAJ
pseudochromosome assembly. One of the future directions would be gene annotation and
identification of genes responsible for DN flowering.
Additionally, I initiated the development of an in vitro system for the strawberry
germplasm preservation and tissue regeneration in octoploid (L1 x LB48) and diploid (F. vesca
and F. iinumae) strawberry species. Another future direction would be to check the reproducibility
of these protocols and then proceed towards manipulating the DN related gene(s). Genome editing
is likely an efficient approach to understand/confirm the functional basis of DN genes in L1 x
LB48 (upon identification). Also, editing of a flowering related gene could potentially confer DN
flowering in a typically SD species, F. iinumae (also a species that can be established as a diploid
model plant for Fragaria).
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APPENDICES
APPENDIX 1: SEGREGATION DATA OF L1 X LB48 PROGENIES CLASSIFIED UNDER
THE PHENOTYPE, FLOWERING (F).
Complete data will be available upon the publication of this result.
The first column represents linkage groups, the second column represent marker position in cM,
and the third column onward are the genotypic calls of the individuals with the phenotype,
Flowering (F). Here, numeric identity in the top row is the ID given to the plants during the field
planting. Genotypic calls are provided using the JoinMap defaults coding scheme for BC cross
type, ‘a’ for homozygous and ‘h’ for heterozygous. The ‘-’ symbol represents missing data.
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APPENDIX 2: SEGREGATION DATA OF L1 X LB48 PROGENIES CLASSIFIED UNDER THE PHENOTYPE, NONFLOWERING (NF).
COMPLETE DATA WILL BE AVAILABLE UPON THE PUBLICATION OF THIS RESULT.
The first column represents linkage groups, LG01 to LG29, the second column represents marker position in cM, and the third column
onward are the genotypic calls of the individuals with the phenotype, Non-Flowering (NF). Here, numeric identity in the top row is the
ID given to the plants during the field planting. Genotypic calls are provided in the JoinMap defaults coding scheme for BC cross type,
‘a’ for homozygous and ‘h’ for heterozygous. The ‘-’ symbol represents missing data.
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APPENDIX 3: FOLLOWING TABLE REPRESENTS THE METHOD USED FOR CHI-SQUARED CONTINGENCY TEST TO
IDENTIFY THE MARKER-TRAIT ASSOCIATION AND THE RESPECTIVE RESULTS FOR LG02, LG03, LG10, AND LG14.
Starting from the left, the column represents: Linkage groups, position of marker in cM, probe set ID of markers, number of homozygous
calls (a) for the phenotype Flowering (F), number of heterozygous calls (h) for the phenotype F, number of homozygous calls (a) for the
phenotype Non-Flowering (NF), number of heterozygous calls (h) for the phenotype NF, total number of ‘a’, total number of ‘h’, total
number of ‘F’, total number of ‘NF’, total plants, expected frequency of ‘a’ in ‘F’, expected frequency of ‘h’ in ‘F’, expected frequency
of ‘a’ in ‘NF’, expected frequency of ‘h’ in ‘NF’, chi-square value at the 0.01 level of significance at df = 1, and remarks (non-significant
(>6.64) chi-square values = No, and significant chi-square values = Yes).
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APPENDIX 4: VISUALFLEXQTL OUTPUTS FOR SIX DIFFERENT MODELS USED FOR QTL ANALYSIS OF L1 X LB48.
Each diagram below represent output for Posterior probability QTL position using FPM of 0 and 1 for each respective Prior QTL
assumptions of 1, 3, and 5. Header on each diagram represents 29 LGs, footer represents the length of the linkage map in cM (total
2202cM).
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